We experimentally reconstructed the structure of the N 2 Ar van der Waals complex with the technique of laser-based channel-selected Coulomb explosion imaging. The internuclear distance between the N 2 center of mass and the Ar atom, i.e., the length of the van der Waals bond, was determined to be 3.88 Å from the two-body explosion channels. The angle between the van der Waals bond and the N 2 principal axis was determined to be 90
One of the fundamental tasks of physicists, chemists, and biologists is to probe molecular structure and its time evolution. [1] [2] [3] For some rigid molecules, the structural parameters can be determined by measuring the infrared and Raman spectra. However, it is still difficult for spectroscopic methods in analyzing structures of van der Waals complexes because of the limitation of experimental sensitivity and resolution. 4, 5 Especially for some floppy van der Waals complexes, their structures cannot be determined by spectroscopic analysis because of the large vibrational amplitudes of van der Waals bonds. 6 In this context, Coulomb explosion offers possibly a novel approach for imaging molecular structure whether the target is a rigid molecule or a floppy van der Waals complex. This technique was pioneered by Vager and co-workers in accelerator-based experiments, where individual molecular targets were accelerated to a velocity of several percent of the speed of light and then passed through a thin solid film. 7 As a result, multiple electrons are suddenly stripped off and multiply charged molecular ions are therefore produced. Due to the repulsion of Coulomb force, the multiply charged molecular ions are quickly fragmented, undergoing the process of so-called Coulomb explosion. The molecular structure can be then deduced from momentum vectors of correlated fragments produced in the explosion process.
Coulomb explosion has also been achieved for molecules by synchrotron light radiation, 8, 9 ion impact, [10] [11] [12] and a short intense laser pulse. [13] [14] [15] Among them, the laser-based Coulomb explosion has attracted much attention because it has the advantage of high temporal resolution. Now, laserbased Coulomb explosion has been demonstrated to be a) Email: cywu@pku.edu.cn b) Email: hongmei@iccas.ac.cn a feasible approach to image the structure of short-lived intermediates, 16, 17 small van der Waals complexes, 18, 19 as well as chiral molecules. 20 However, two big challenges tend to hinder the application of laser-based Coulomb explosion imaging technique. The first challenge arises from the complicated laser-molecule interaction. 21 The molecular structure might be modified during the multiple ionization process and thus the reconstructed structural parameters for ions cannot represent the structure of the molecules before the laser irradiation. Some experimental criteria are required to be established to ascertain whether the molecular structure is kept unchanged during the multiple ionization process. The second challenge of Coulomb explosion imaging is the lack of the accurate ab initio many-body dissociation potential surface for multiply charged molecular ions. Thus Coulomb potential approximation is normally applied in the reconstruction of molecular structure. However, there is a large discrepancy between the Coulomb potential and the ab initio potential, especially when the internuclear distance is small. Therefore, structural parameters reconstructed from Coulomb potential approximation cannot always describe the real structure of multiply charged molecular ions.
Multiple ionization followed by Coulomb explosion has been extensively studied for molecules under intense femtosecond laser fields with different pulse durations. [22] [23] [24] [25] [26] [27] [28] The results have demonstrated that the nuclear motion can be frozen for molecules in the process of multiple ionization by using ultrashort laser pulses. 14, 25, 28 Thus, the reconstructed structure of the molecular ion before explosion can represent the structure of the neutral precursor molecules when such ultrashort laser pulses are applied. In addition, we have carefully compared the Coulomb potential and the ab initio potential for describing the fragmentation dynamics of molecular ions. The results indicate that Coulomb potential approaches the ab initio potential closely when the internuclear distance is larger than 2.1 Å. 15, 28 van der Waals bonds usually have large equilibrium internuclear distances. Thus Coulomb potential is accurate enough to describe the explosion dynamics of van der Waals bond. Therefore, laser-based Coulomb explosion is suitable for imaging the molecular structure of small van der Waals complexes. As a prototypical van der Waals complex to study the interaction between a rare gas atom and a diatomic molecule, extensively theoretical calculations have been carried out for the N 2 Ar van der Waals complex even though the experimentally measured spectral data are very scarce. [29] [30] [31] In this Communication, we experimentally reconstructed the structure of the N 2 Ar van der Waals complex with laser-based channel-selected Coulomb explosion imaging technique. We found that the channel-independent reconstructed structures can be utilized as a criterion to judge whether the molecular structure is kept unchanged during the multiple ionization process. The reliability of the reconstructed molecular structure was verified by our high level ab initio calculations.
Here, the structure of the N 2 Ar van der Waals complex is described by using coordinates of R and θ . R is defined as the internuclear distance between the N 2 center of mass and the Ar atom, and θ is the angle between the van der Waals bond and the N 2 principal axis. The N≡N bond length is presumably the equilibrium distance Re 1.0977 Å of the neutral nitrogen molecules because the weak van der Waals interaction slightly affects the N≡N bond length. The two N atoms are identical for the N 2 Ar van der Waals complex. When θ is 90
• , the van der Waals complex belongs to C 2V group and the two nitrogen atoms have the permutation symmetry. The symmetry can be preserved in the momentum configuration if the two nitrogen atomic ions carry the same charge in the three-body Coulomb explosion process. 7 Therefore, we select some symmetric three-body fragmentation channels (1a)-(1d) to analyze. Such symmetric fragmentation channels produce one argon atomic ion and two nitrogen atomic ions with the same charge state,
The description of the experimental method and the twodimensional momentum distributions can be found in the supplementary material for the correlated atomic ions generated in the three-body fragmentation of N 2 Ar ions by 780 nm, 25 fs laser pulses at an intensity of 1.3 × 10 15 W/cm 2 . 32 There are two kinds of chemical bonds for the N 2 Ar van der Waals complex. One is the weak van der Waals bond between the N 2 center of mass and the Ar atom. The other is the strong covalent bond between the two identical N atoms. The three-body fragmentation can occur through Coulomb explosion or the sequential process. In the case of Coulomb explosion process, the two chemical bonds break simultaneously and the three atomic ions are produced almost at the same time. The permutation symmetry can be preserved in the final momentum distributions for the two nitrogen atomic ions. In the case of sequential fragmentation process, the two bonds break one after the other with a time interval comparable to the molecular rotational period of the intermediate. Thus, the permutation symmetry will be destroyed because the fragmentation of the intermediate is always accompanied by its rotation.
To clarify the fragmentation mechanism, we display the experimental data for channels (1a)-(1d) in Newton diagrams in Figures 1(a)-1(d) . The momentum vector of the argon atomic ion is represented by an arrow fixed at one arbitrary unit. The momentum vectors of the two nitrogen atomic ions are normalized to the length of the argon atomic ion momentum vector and mapped in the left of the plot. A circle structure will be exhibited in the Newton diagram if the sequential three-body fragmentation dominates. 11, 15 However, a pair of crescent-shaped structure was observed for all channels (1a)-(1d). The observation demonstrates that the van der Waals bond and the covalent bond break simultaneously or with an interval much smaller than the rotational period of the intermediate. In other words, the three-body fragmentation occurs through Coulomb explosion process. Thus, the permutation symmetry was preserved in the momentum distribution of the atomic ions from the three-body fragmentation. Figure 1(e) shows the normalized event counts as a function of the angle between P NN and P Ar . The vector P NN is defined as the difference of the momentum vectors between the two identical nitrogen atomic ions and P Ar as the momentum vector of the argon atomic ions. The distribution can be well simulated by a Gaussian function with a peak at 90
• . This single-peak distribution further indicates that the three-body fragmentation occurs through Coulomb explosion process. 10 These measurements demonstrate that the two nitrogen atomic ions have the permutation symmetry in the momentum configuration. Correspondingly, the two nitrogen atomic ions have the permutation symmetry in the space configuration and the van der Waals complex ions before explosion belong to C 2V group. Therefore, θ is determined to be 90
• for N 2 Ar n+ with n = 3-6.
Coulomb potential approximation is always applied in the reconstruction of molecular structure, since it is very difficult to obtain the accurate ab initio potential energy surface for three-body fragmentation of multiply charged molecular ions. However, our previous studies indicated that Coulomb potential can be applied only when it approaches the ab initio potential at bond lengths larger than 2.1 Å. 15 In the case of the N 2 Ar van der Waals complex, the N≡N bond length is the equilibrium distance Re 1.0977 Å of the neutral nitrogen molecules. Obviously, Coulomb potential is not suitable to describe the three-body fragmentation dynamics for the channels (1a)-(1d). Noticeably, the bond length is nearly 4 Å for the weak van der Waals bond between the argon atom and the nitrogen molecule. Then, the van der Waals bond fragmentation to produce nitrogen molecular ion and argon atomic ion, which is actually a manner of two-body explosion, can be described by Coulomb potential. So the bond length for the weak van der Waals bond can be determined by analyzing Figure 2(b) shows the kinetic energy release (KER) distributions of the two-body fragmentation channels shown in (2a)-(2d). The KER exhibits almost similar shapes with the peak around 3.7 eV for the (1,1) channel, 7.4 eV for (1,2) and (2,1) channels, and 14.8 eV for (2,2) channel. Based on the KERs, the internuclear distance R before explosion can be derived under the Coulomb potential approximation, as shown in Figure 2(c) . R represents the internuclear distance between the N 2 center of mass and the Ar atom, which is determined to be 3.88 Å for N 2 Ar n+ with n = 2-4 and is shown to be channel-independent.
From the above analysis for the three-body and two-body Coulomb explosion channels, the structural parameters of θ and R are derived for the van der Waals complex after multiple ionization. Interestingly, θ and R are shown to be channelindependent, which are 90
• and 3.88 Å, respectively. How are these structural parameters after multiple ionization related to the structure of the neutral van der Waals complex before the laser irradiation? One might think that the molecular structure is modified during the multiple ionization. The reconstructed structural parameters for ions cannot represent the structure of the van der Waals complex before the laser irradiation. Indeed, some experimental observations have shown that the internuclear distance could be stretched and the structure could be changed during the multiple ionization of molecules induced by intense laser fields. 13, 14, 28 If the molecular structure is modified during the ionization process, the reconstructed structural parameters will be associated with specific channels and thus exhibit channel-dependence. 13, 14, 28 However, our observation for the case of N 2 Ar is that the reconstructed structural parameters do not depend on the channel from which the molecular structure is reconstructed. The channelindependence indicates that the nuclear motion is frozen during the interaction between the van der Waals complex and the ultrashort 25 fs laser pulse. Thus, the determined configuration for the multiply charged ions can represent the configuration of the neutral N 2 Ar before the laser irradiation, with θ being 90
• and R being 3.88 Å. In order to test the reliability of our reconstructed molecular structure, we calculate the potential energy surface (PES) of N 2 Ar using the coupled cluster singles and doubles model including connected triples corrections (CCSD(T)) with augcc-pVQZ basis set. 33 For such van der Waals complexes, CCSD(T) has been proved to be a powerful method to obtain accurate potentials. 30 As shown in Figure 3 , the located energy minimum corresponds to θ = 90
• and R = 3.71 Å. These parameters agree well with our experimentally reconstructed values, demonstrating that the structural reconstruction can be achieved for small van der Waals complexes by using the method of laser-based Coulomb explosion imaging.
In summary, we have experimentally studied three-body and two-body Coulomb explosion dynamics of N 2 Ar driven by intense laser pulses. The structure of the N 2 Ar molecular ion was reconstructed with the laser-based channel-selected Coulomb explosion imaging. The reconstructed structures are shown to be channel-independent, indicating that the nuclear motion is frozen during the interaction between the N 2 Ar van der Waals complex and the ultrashort laser pulse. Therefore, the reconstructed structure of the multiply charged molecular ions can represent the structure of the N 2 Ar van der Waals complex before the laser irradiation. This conclusion was supported further by our high level ab initio calculation. Altogether, the results show the great promise of laser-based Coulomb explosion in imaging transient molecular structures, particularly for floppy van der Waals complexes whose structures remain difficult to be determined by conventional spectroscopic methods.
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